To present the surgical planning, manufacturing and implantation of an individualized 3D-printed prosthesis for cervicothoracic reconstruction in a six-level recurrent chordoma.
█ INTRODUCTION
C hordoma refers to a low-grade malignant tumor from embryonic notochord remnants (5, 18) . It occurs in the axial skeleton and takes up nearly 4% of primary bone malignancy (1, 26) . Clinically, chordoma is characterized by bony involvement, high recurrence rate, local invasion as well as the potential for distant metastases (34, 36) . The current mainstay treatment for chordoma is en-bloc surgical resection with negative margins (5, 21, 29, 30) . Boriani et. al. verified that the prognosis is deeply affected by the appropriateness of the first surgical treatment (5) . However, wide or marginal margin excision rate only reaches 21% in the mobile spine (1, 5) , and the local recurrence rate remains up to 17-35% (34) .
Chordoma is rarely observed in the cervical spine, taking up only 6% of all chordomas (3) . Clinically, the initial symptom arises when the chordomas have already been progressed to a larger size with paravertebral or spinal canal extension and encapsulation of one or both vertebral arteries (VAs) and nerve roots (15, 29) . Thus, margin-free en-bloc resection is considered impossible because of these anatomical constraints (14) . Multilevel recurrent cervical chordomas raise even more challenges in further surgical treatments, including not only
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Haiyi GONG : 0000-0002-0600-1288 Jianru XIAO : 0000-0003-1547-851X the more aggressive feature and incomplete or absent tumor capsule, but also the involvement of dura mater (3) . Moreover, extensive defect after multi-level cervical spondylectomy is difficult to reconstruct without using a standard surgical method (2) (3) (4) 8, 12, 24, 28) , and there is always the loss of the cervical physiological curvature.
Individualized implants manufactured for reconstruction of skull defect in human body has been employed for years (7) . In contrast, the use of customized 3D-printed prosthesis for spinal surgery has emerged only recently (16, 19, 22, 23, 27, 31, 33) . However, it has already exhibited significant advantages in surgical procedures. The superiorities of 3D-printed prosthesis design covers: 1) it fits to the upper and lower vertebrae endplates closely to achieve solid fusion and retain the physiological curvature postoperatively (23, 27) ; 2) it is easy to place in the long defect, which facilitates the surgery and simplifies the reconstruction (19) ; 3) the porous surface could induce bone ingrowth and enhance stability (16, 31, 33) . In this technical note, a unique case of six-level recurrent chordoma from level of C3 to T1 is presented. To the best of our knowledge, it is the first application of individualized 3D-printed artificial vertebral body in revised surgery of cervicothoracic chordoma with the most vertebral levels involvement.
█ MATERIAL and METHODS

Case Report
A 40-year-old female patient was admitted to our center with the weakness of right upper extremity and burning pain in right forearm for 5 months. The symptoms gradually increased, and progressing soft tissue mass appeared on her right neck. History suggested that the patient had received two surgical treatments for cervical spine chordoma previously. MRI and CT scanning confirmed the diagnosis of recurrent chordoma at the level of C3 to T1 about 3 years after the previous revision surgery ( Figure 1A -D). The vertebral bodies and the posterior elements were osteolytic. The dura was compressed, and the right VA was encapsulated and displaced to the left. The pre-operative CT angiogram of vertebral artery revealed the complete obstruction of the left VA so that the right VA intraoperatively was considered to taken. Pre-operative PET-CT showed no evidence of metastasis. The patient decided to receive surgical treatment as she presented with a rapid and deteriorating neurologic symptoms.
Surgical Planning
Based on the pre-operative CT angiogram of VA, the patientspecific 3D-Printed model of the cervicothoracic spine can be built with the carotid and vertebral arteries and tumor in place (Figure 2A ). It is conducive to gaining insight into the complicated anatomy and providing a reliable reference to yield an adequate surgical margin intraoperatively (32) . The tumor was graded as Enneking ⅠB (9), and distributed to layers A-D and sectors 7-4 following the Weinstein-Boriani-Biagini Classification (6) . Due to the large volume and wide extent of the recurrent tumor, the total en-bloc spondylectomy was not feasible. Based on the pre-operative imaging studies, intralesional spondylectomy was to be performed in Enneking appropriate manner. Since the six-level vertebras were involved, and no reliable experience of biomechanical reconstruction could be learned from, researchers planned to perform a one-stage intralesional extracapsular excision using anteroposterior approach and to reconstruct the cervico thoracic spine using a customized 3D-printed titanium prosthesis and pedicle screws fixation from level of C1 to T3.
Design and Manufacture of Prosthesis
According to the individualized anatomical features and expected anterior bone defect, a specific 3D-Printed artificial vertebral body was designed using MIMICS 15.0 (Materialise NV, Leuven, Belgium). The dimensions of the prosthesis were based on preoperative CT. The porous prosthesis was produced from titanium alloy and manufactured using 3D printing technique. The diameters of pores and wires were 800 and 550 μm, respectively, with an average effective porosity of about 70%. The porosity could induce bone ingrowth as a scaffolding since it is biomechanically similar to normal The dura was compressed and the right vertebral artery was encapsulated and displaced to the left. Furthermore, the left VA had been completely blocked. The tumor with multilevel spine involvement was significantly heterogeneous enhanced on gadolinium-enhanced MRI (C: coronal, D: axial).
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cancellous bone. The titanium alloy powder (Ti-6AL-4V) was completely melted by a selective laser and constituted a tight layer after consolidation. The successive layers were applied roughly 30 μm thick as guided by a 3D computer-aided design software. This procedure was repeated until all layers were completed, and the prosthesis was prepared in 3 different sizes to fit the real size of intraoperative bone defect ( Figure 2B ). The 3D-printed prostheses were fabricated by Naton medical scientific academy. The overall process strictly followed the National Standard of Implants for Surgery in China. Informed consent was gained from the patient and her family with full disclosure on the potential benefits and risks.
Surgical Management
After general anesthesia, the patient was placed in supine position with the head slightly extended and rotated toward the left side. A combined pre-and retrovascular extraoral approach was employed on right side as previously described (35) , and the incision was extended to the suprasternal notch.
During the surgery, a paravertebral, grayish 8×7×4 cmsized soft mass was found to extend into spinal canal with strong local invasion ( Figure 3A ). The right vertebral artery and cervical nerve roots were closely encapsulated. The vertebral bodies (C6-T1) and the right posterior elements were destroyed in an osteolytic manner, while the titanium mesh and plate were surrounded by recurrent tumor. because of the proximal vital neurovascular structures, intralesional resection in Enneking appropriate manner was applied. The right VA and nerve roots were rigorously protected and scatheless. The anterior fixation system was removed completely after the soft mass was grossly resected. The osteolytic vertebral bodies (C6, C7 and T1) and the right posterior elements were stepwise excised. The inferior endplate of C2 and the superior endplate of T2 were decorticated, and subsequently the right-size customized 3D-printed artificial vertebral body was implanted to replace the defect. For reconstruction, 3 anterior vertebral screws were inserted into C2 and T2 through reserved holes via a 3-point interlocking pattern, respectively ( Figure 3B ). Next, the patient was shifted to prone position for the posterior operation. The previous screws and rods were extracted, and we inserted the lateral mass screws of C1 and pedicle screws of C2, T2 and T3. The residual lesion involved posterior elements of C6, C7 and T1 was completely removed ( Figure 3D ). Dual diameter rods were employed to offer a solid connection ( Figure 3C) . The total surgical time was 13 hours, and the intraoperative blood loss was 7500 mL.
Post-operative Care and Recovery
The patient was transferred to intensive care unit of our department after surgery. She was separated from ventilator 2 days later, and her trachea cannula was removed on the 4th day after surgery. The patient convalesced smoothly without any perioperative complications (e.g. hoarseness, dysphagia and breathing difficulties). Her neurologic function was significantly improved postoperatively, and she could walk 4 weeks later with an assisted cervicothoracic spinal orthosis for 3 months. Histopathological examination and immunohistochemical analysis of the specimen confirmed the diagnosis of chordoma, and the margin was free (Figure 4 ).
Follow-up
The follow-up evaluation was performed regularly through clinical visits in the 3 rd , 6 th and 9 th month after surgery. Though researchers had strongly recommended proton-beam and
Figure 2: A)
Preoperative 3D-printed model shows the tumor involving the vertebral bodies and bilateral pedicles, lateral masses and transverse processes from C3 to T1 with strong local invasion.
The 3D-printed model also reveals the proximity to vital neurovascular structures. B) The individualized 3D-Printed artificial vertebral body with a specific porous titanium structure. The front surface is smooth to prevent adhesion with aorta and esophagus. The anterior pre-angled screw holes were designed in a 3-point interlocking pattern to achieve greater pullout strength and better stability.
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the bone of posterior C2 and T2 vertebral bodies ingrowth towards the porous structure of the prosthesis (Figure 5A -F).
█ DISCUSSION
Chordoma is considered the most common primary spine malignancy, and it is generally insensitive to adjuvant treatment such as chemotherapy and conventional radiation therapy (13, 20, 34, 36) . Besides, inadequate intralesional resection inevitably results in higher local recurrence rates (1) . Surgical resection in margin-free en-bloc fashion is considered the most ideal treatment for better local control and clinical outcomes of patients (5, 18, 26) . However, the anatomical constraints and high demanding surgical skill and techniques make it relatively challenging in the treatment of cervical chordoma (14, 15) .
Because of its rarity, only few reports about the surgical treatment of cervical chordoma involving equal to or greater than 3 levels have been published (2) (3) (4) 8, 12, 24, 28) . Excision of multilevel cervical chordoma in Enneking appropriate manner (11) , and anterior reconstruction for long defect present extreme technical demands, especially for those with upper cervical spine involvement (18, 30) . Appropriate biomechanical reconstructions always cause fewer complications and reduce the possibility of revision surgery (10) . However, the unique anatomical and morphological characteristics limit a uniform standard method to reconstruct. Conventional anterior reconstructive methods for multilevel cervical chordoma could fall into five types, namely autogenous bone graft (2), autogenous bone graft combined with titanium plate (24), titanium mesh cage (28) , titanium mesh cage and plate system (8), fabricated cage system (12) . The main drawbacks heavy ions radiation therapy as complementary treatment, the patient had to give up the attempt for financial reason. Plain radiographs performed at 3 months after surgery showed a stable C1 to T3 instrumentation. No local recurrence was detected by contrast-enhanced CT at the 3 rd and 9 th month respectively. Moreover, no subsidence or dislocation or fractures of the 3D-printed artificial vertebral body and screwrod system was observed. Compared with the CT scanning performed in the 3 rd month, the latest scanning clearly showed 
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In our case, the recurrent cervicothoracic chordoma involved six-level which makes it difficult to reconstruct such a large defect. The length of existing regular titanium mesh cage and plate does not meet the surgical requirements. Furthermore, at the cervicothoracic junction exists an anatomically hostile area in which there exists a mobile to non-mobile transition point and an anatomical lordosis to kyphosis transition (10) . Thus, the solid fusion is usually hard to achieve using conventional reconstructive approaches. As a result, it is vital of conventional methods are poor individual matching and limited biomechanical strength. Therefore, it is common to see straightened spinal physiological curvature or subsidence or dislocation of implant at mid to long-term follow-up. Moreover, conventional anterior reconstructive techniques usually require sufficient bone grafts. However, autogenous bone graft generally brings about persistent pain and motor function limitation, while allogenous bone or artificial bone graft leads to increased medical costs (33) . well as the use of bioresorbable materials (19, 23) . Research on these hotspot issues is ongoing and we believe that international standardization process would speed up the development of individualized 3D-Printing technology.
█ CONCLUSION
To the best of our knowledge, this is the first report of biomechanical reconstruction using an individualized 3Dprinted artificial vertebral body in the surgical treatment of a six-level recurrent chordoma. The individualized 3D-printed prosthesis was implanted to replace the defect in high accuracy without additional bone grafting. It was better loadbearing to resist the subsidence or dislocation, which can reduce the rate of revision surgeries effectively in the longterm. Though several current limitations have limited the wide application of this technology, customized 3D-printed prosthesis implantation still shows a promising prospect in complicated spinal oncology surgery.
to find better ways to reconstruct the defect after a multilevel vertebrectomy.
The 3D printing process was first proposed by Charles Hull in 1986 (19) . It basically refers to creating 3D object from a digital design by successive layering material under computer control. Current applications of 3D-Printing in spine surgery consists of the following aspects: surgical planning and pre-training, surgical instrumentation, implantable devices, and tissue engineering (16, 19, 22, 23, 27, 31, 33) . However, the use of individualized 3D-printed implant in spinal oncology has only emerged in recent years with the results proven promising (16, 19, 31, 33) . The customized prosthesis can fit the complex shapes precisely, minimize dead space (16) and facilitate osseointegration without additional grafting (16, 19, 22, 23, 27, 31, 33) . It helps to simplify the surgical technique and reduce the operating time.
The superiorities and specificities of our 3D-printed prosthesis design covered: (1) The posterior porous surface could trigger osseointegration and enhance stability; (2) the prosthesis retains the physiological curvature postoperatively with zeroprofile to avoid dysphagia; (3) be different from traditional titanium mesh, the better biomechanical matching and load-bearing facilitated the 3D-printed implant to resist the subsidence or dislocation; (4) the anterior vertebral screws (C2,T2) were implanted in a 3-point interlocking pattern to achieve greater pullout strength and better rotational stability than titanium mesh cage system.
Though 3D-printed prosthesis has many advantages and great prospect in spinal oncology, there are still many limitations to restrict its application at present. First, the manufacturing process of individualized 3D-Printed prosthesis is very complicated owing to the elaborate and complex anatomy of spine (27) . The computer-aided design software is usually sophisticated, and the machinery is not easily accessible (22) . Besides that, implant modelling always requires specific skills which are lacked in most surgical departments (17) . Second, the commercial costs of 3D-printed prosthesis are high (19, 27) , and the long manufacturing time still restrict the expanded implementation of the technology in hospitals (23) . Third, though the implant is generally prepared in different sizes, intraoperative modification is still confined because of the limited extension capabilities (16) . Fourth, the strength of 3D-printed implants may not be guaranteed (16) , while the long-term follow-up in comparison to conventional techniques is also absent. Finally, there is an urgent need for the uniform regulatory framework to standardize the registration, production and implantation of the prosthesis (22) .
In brief, the application of individualized 3D-printed implants in spinal oncology is clearly in the ascendant. Accordingly, there are many aspects that should be improved and perfected. Further research is needed to enhance the time-and costeffectiveness of this promising technology for medical intervention (23) . Finite element analysis should be conducted to improve the porous metal structure continuously for preferable dynamic load-bearing (23) . Moreover, the burning questions also include: the combination of 3D-printed implants and biologics, the development of bioceramic composites as
